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In this work, the effects of p-type beryllium (Be) doping on the optical properties of GaSb 
epilayers grown on GaAs substrate by Molecular Beam Epitaxy (MBE) have been studied. 
Temperature- and excitation power-dependent photoluminescence (PL) measurements 
were performed on both nominally undoped and intentionally Be-doped GaSb layers. Clear 
PL emissions are observable even at the temperature of 270 K from both layers, indicating 
the high material quality. In the Be-doped GaSb layer, the transition energies of main PL 
features exhibit red-shift up to ~7 meV, and the peak widths characterized by Full-Width-
at-Half-Maximum (FWHM) also decrease. In addition, analysis on the PL integrated 
intensity in the Be-doped sample reveals a gain of emission signal, as well as a larger carrier 
thermal activation energy. These distinctive PL behaviors identified in the Be-doped GaSb 
layer suggest that the residual compressive strain is effectively relaxed in the epilayer, due 
possibly to the reduction of dislocation density in the GaSb layer with the intentional 
incorporation of Be dopants. Our results confirm the role of Be as a promising dopant in 
the improvement of crystalline quality in GaSb, which is a crucial factor for growth and 
fabrication of high quality strain-free GaSb-based devices on foreign substrates. 
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I. INTRODUCTION  
 
GaSb-based III-V semiconductors system has attracted extensive research and 
commercial attentions in the past three decades. High performance semiconductor devices 
such as field-effect transistors [1], lasers diodes [2] and photodetectors operating at mid- 
to long-wave infrared regimes [3-5] have been demonstrated based on the InAs/GaSb/AlSb 
alloys and heterostructures. Ideally, epitaxial growth of GaSb layers are performed on the 
native lattice-matched GaSb substrates. However, cost of the GaSb substrates is relatively 
high, and the free carrier absorption of the substrate in the mid-infrared region hinders the 
further application of back-side illumination for the devices [6]. In addition, integration of 
GaSb substrate-based devices with read-out circuit is hard to implement using the 
monolithic technology [7]. Thus, for both research and commercial interests, epitaxial 
growth of GaSb on low-cost GaAs substrate is highly motivated. Nevertheless, the utmost 
challenge is the large lattice mismatch between GaSb and GaAs (~ 7.8 %), which could 
generate a large amount of defects and affect the electrical and optical properties of the 
devices. 
In order to overcome the material problems associated with the large lattice 
mismatch, insertion of various buffer layers have been utilized, such as the AlSb/GaSb 
superlattices [8, 9] and AlGaAsSb metamorphic layers [10]. These methods have been 
demonstrated to reduce the density of dislocations and improve the quality of the 
GaSb/GaAs heterostructure. Alternatively, intentional incorporation of impurities into the 
material layer has also been implemented to suppress the large density of defects. For 
instance, improvements in surface morphology and transport properties by beryllium (Be) 
doping were reported in an InAlAs-based high-electron-mobility transistor grown on GaAs 
[11]. Moreover, Gutiérrez et al. [12] have studied the joint influences of low growth 
temperature and Be doping on the behaviors of threading dislocation in GaSb layer grown 
on GaAs substrate. They observed a seven times reduction in the density of threading 
dislocations in the Be-doped GaSb layer, which was explained by the effective “pinning” 
of the dislocations by the Be dopants, i.e., the Be-related hardening mechanism. 
Nevertheless, previous studies have focused on the effect of Be doping in crystalline quality 
and electrical properties of GaSb, but the impact on the optical properties of GaSb is still 
lacking, which could be a crucial material issue in the design and characterization of GaSb-
based optoelectronic devices.  
In this paper, we investigate the effects of Be doping on the optical properties of 
GaSb epilayers grown on GaAs substrate by temperature- and excitation power-dependent 
photoluminescence. Distinguishable improvements in the PL properties are identified in 
the GaSb layer with intentional Be doping when compared with that of the undoped GaSb 
layer. These results provide direct optical evidences of strain relaxation in GaSb due 










II. EXPERIMENTAL DETAILS 
 
Nominally undoped and intentionally doped GaSb layers with Be (hereafter 
referred to as “GaSb:Be”) were grown on GaAs (001) substrates by molecular beam 
epitaxy (MBE). Details of the samples growth procedures have been reported elsewhere 
[12].  The schematic layout of the sample structure is shown in Table 1. Prior to the growth 
of the GaSb epilayer, a 200 nm undoped GaAs buffer layer was grown on top of the GaAs 
substrate at 590 ̊ C. For the intentional Be-doped sample, the doping concentration was 
1×1019 cm-3. The thicknesses of both undoped GaSb and GaSb:Be samples were 50 nm. 
 
For the photoluminescence (PL) measurement, the samples were mounted in a 
close-cycled He cryostat with temperature varied from 9 K to 300 K [13]. The samples 
were optically excited by the 532 nm line of a laser. The luminescence signals were 
collected by a Fourier transform infrared spectrometer in continuous- rather than step-scan 
mode, in conjunction with a room-temperature InGaAs photodetector [14, 15]. In order to 
investigate the excitation-power dependence of PL, a laser-power controller was used such 
that the incident power were tuned from 0.5 mW to 95 mW [15]. 
 
 
Table 1. Schematic layout of the GaSb/GaAs heterostructure. 
 
Active GaSb 50 nm Undoped / 1×1019 cm-3 






III. RESULTS AND DISCUSSIONS 
 
Temperature-dependent PL spectra measured from the undoped GaSb and GaSb:Be 
samples are shown in Fig. 1. Throughout the measurement the excitation laser power was 
maintained at 50 mW for both samples. At the temperature of 9 K, four PL emission 
features can be clearly identified. For the undoped GaSb sample, these peaks are found at: 
P1 (0.959 eV), P2 (1.142 eV), P3 (1.319 eV) and P4 (1.485 eV), respectively. This PL peak 
energy range was reported only in GaSb-based nanostructures grown on GaAs substrate, 
such as quantum rings and quantum dots [16, 17], and it is higher than the PL energy in 
most of the GaSb epilayers grown on GaAs reported previously (0.71-0.83 eV), [8, 9, 18-
24] regardless of the growth techniques and doping condition. We notice that the thickness 
of GaSb layers investigated in those reports range from 1 - 20 µm, which is significantly 
larger than that of the samples studied in the current work, i.e. 50 nm. Considering the 
relatively large lattice mismatch in the GaSb/GaAs heterostructure (~7.8 %), we therefore 
surmise the blue-shift of PL features in our samples is due to the not fully-relaxed strain 
existed in the thin GaSb layers caused by the propagation of a large number of dislocations 
generated at the GaSb/GaAs interface [21]. To verify this assumption, the band-edge 
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energies of the GaSb layer grown on GaAs in both fully strained and fully relaxed 
conditions at different temperature were calculated based on the material parameters 
provide by Vurgaftman et al. [25], as shown in Table 2. At temperature of 9 K, the band-
edge energy of fully strained GaSb layer is 1.465 eV, whereas the band-edge of fully 
relaxed layer is at 0.812 eV, consistent with the low temperature band-gap values generally 
reported for GaSb. It is expected that the blue-shift of the PL peak energies would be 
reduced by growing thicker layers in the future work [21].  
   
 






























































Fig. 1. Temperature-dependent PL spectra measured from (a) undoped GaSb and (b) 
GaSb:Be layers. The excitation laser power was maintained at 50 mW throughout the 
measurement. 
 
Table. 2. Estimated band-gap energy for GaSb layer grown on GaAs substrate at different 
temperature. 
 
Temperature (K) Fully relaxed GaSb 
Eg (eV) 
Fully strained GaSb 
Eg (eV) 
9 0.8117 1.4654 
77 0.7989 1.4531 
100 0.7925 1.4469 
200 0.7606 1.4157 
270 0.736 1.3919 
300 0.725 1.3815 
 
As can be seen in Fig. 1, PL spectra of two samples display similar temperature 
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dependences. When temperature increases from 9 K, the energy of peak P1 displays a clear 
blue-shift in both samples, and the PL signal quenches rapidly compared with other features. 
It disappears completely after temperature of 150 K. For peak P2, no clear energy shift is 
observed until 100 K, and the peak shifts monotonously to lower energy with temperature 
beyond 100 K. Peak P3 has much lower PL intensity compared with the former two, and it 
also shifts to lower energy with increasing temperature; however, its PL intensity quenches 
much slower than that of P1 and P2, in which at 100 K it dominates the PL spectra 
simultaneously with P2, but drops quickly when temperature increases to 150 K. Finally 
the weakest PL feature is seen at P4. It exhibits red-shift with increasing temperature and it 
completely quenches after 50 K. It is noted that after 150 K the spectra from both samples 
transform to a single broad luminescence band, which is peak P2. From previous 
temperature-dependent PL studies on GaSb layers, it was found that at a temperature 
typically higher than 60 K, the PL feature comprises only a single board band, which was 
attributed to band-to-band transition [6, 18, 24, 26], i.e. recombination of free electrons and 
holes. In addition, in an attempt to explain the origin of various PL peaks involving p-type 
acceptor impurities, Agert et al. [26] proposed an energy scheme model in moderately to 
highly doped GaSb which considered local variation of band-edge due to the large scale 
fluctuation of the impurity concentration in the layer. The consequence of this model is that 
the emission peak with highest energy and dominates the PL spectra at high temperature 
regime should be interpreted as the band-to-band transition. Thus, we could assume the 
transition responsible for the peak P2 in both undoped and Be-doped GaSb sample is a 
band-to-band recombination process in the top GaSb layer. Nonetheless, from Fig. 1 it is 
clear that the PL energies of peak P3 and P4 are higher than that of P2. In order to reconcile 
our PL spectral result and the band-edge model proposed by Agert et al., we notice that the 
absorption coefficient of GaSb under an excitation wavelength of 532 nm is estimated to 
be ~ 4.35×105 cm-1  [27] , which corresponds to an optical penetration depth of ~ 23 nm, 
i.e., about the same order as the samples thickness. It is also noted that in high quality GaSb 
epillayers (with a high Hall mobility) grown on GaAs, the diffusion length of photo-
generated carriers as long as ~1 µm have been reported [19]. Thus, for our samples with 
thickness of 50 nm, as a consequence of excitation light penetration and carrier diffusion, 
the PL emissions observed at P3 and P4 could possibly be originated from the sample 
regions which are close to the GaSb/GaAs interface or in the buffer layer. PL emission 
occurred here would be affected by the large compressive strain caused by the interface 
lattice mismatch, as evidenced by the much lower PL efficiency and higher energy 
observed from peak P3 and P4 in Fig. 1. In particular, in view of the emission energy and 
the very weak signal of peak P4, we attribute this PL emission to the carrier radiative 
recombination in the GaAs buffer layer. The following discussion will be focused on peak 
P1, P2 and P3 which are considered to be associated with the GaSb layer and GaSb/GaAs 
interface. 
Fig. 2 shows the temperature dependences of emission energy for the three PL 
peaks at 9 - 50 K extracted from Fig. 1. For the undoped GaSb layer (GaSb:Be), the energy 
of peak P1 shifts from 0.959 eV (0.954 eV) at 9 K to 1.017 eV (1.014 eV) at 150 K, exhibits 
a total shift of ~ 60 meV. The blue-shift of PL transition energy with increasing temperature 
is commonly seen in many III-V semiconductors where localization of electrons is present, 
typically caused by the band-tail states due to spontaneous group-III sublattice ordering or 
impurities fluctuation [28]. Such temperature induced blue-shift were also seen in the low 
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temperature PL peaks at ~ 0.777 eV (label as “A line”) and ~ 0.8 eV (label as “E line”) in 
GaSb layers [6, 24, 26]. The carrier process ascribed to these two peaks are either donor-
acceptor pair (DAP) recombination, or from localized electron to neutral acceptors by 
considering the band-edge fluctuation. As seen from Fig. 2, the PL energies emerged from 
the GaSb:Be sample are consistently lower than that of the undoped sample for the three 
emission peaks. Despite the small energy difference for peak P3 (possible reason will be 
discussed later), a red-shift up to ~ 7 meV (peak P1, at 50 K) can be seen in the PL peak 
energies of the GaSb:Be sample. In addition, the peak width of the PL emission, which is 
expressed as the Full-Width-at-Half-Maximum (FWHM), is presented in Fig. 3. As 
expected the PL bands become broader with increasing temperature due to the enhanced 
phonon scattering, and the FWHM of the PL bands from the GaSb:Be are smaller than that 
of the undoped sample. The red-shift of PL emission energy as well as the decrease of 
emission linewidth observed in the GaSb:Be sample jointly suggest a reduction of residual 
compressive strain in the Be-doped GaSb layer due to the reduction of dislocation density 
[11]. When Be dopants are introduced in the GaSb sublattice, the density of threading 
dislocation prorogated into the top GaSb layer from the lattice mismatched GaSb/GaAs 
interface is reduced due to the Be-related defect “pinning” mechanism , which has been 
evidenced by high-resolution transmission electron microscopy in Ref. [12]. 
 








































































Fig. 3. Temperature versus PL peak width (FWHM) measured from both samples at 9 - 50 
K. 
 
To further study the effect of Be dopants on the optical quality of the GaSb layers, 
four representative PL spectra measured from the two samples are plotted in Fig. 4. At the 
lowest temperature of 9 K, increase in PL intensity can be observed for both peak P1 and 
P3 in the GaSb:Be sample, whereas for the peak P2 and P4 the effect of intentional Be doping 
on PL intensity gain is not evidenced, which confirm the irrelevance of peak P2 and P4 to 
impurity-related recombination as discussed above . Due to the fast temperature quenching 
nature, the PL intensity increase of P1 in GaSb:Be sample slows down at 100 K, and no PL 
intensity gain is observable when temperature is further raised above 150 K. In an attempt 
to clarify the PL thermal quenching mechanism for each emission feature, the experimental 
PL intensity is fitted by the Arrhenius formula involving one nonradiative recombination 
channel [13]: 
 




1 exp( / )a B
I T
I T
a T E k T

 
                                            (1) 
 
where I(T0) is the integrated intensity at a reference low temperature (9 K in this case), a0 
is a constant associated with the radiative and nonradiative recombination probability, Ea 
is the activation energy, and kB is the Boltzmann’s constant. The Arrhenius plots for both 
samples are shown in Fig. 5. Very good fits are obtained for both samples, which enable 
the extraction of activation energy. The activation energies for peak P1, P2 and P3 are 2.3 
meV, 12.1 meV and 46.2 meV respectively. With the incorporation of Be doping, the 
activation energies increase for all PL features. In particular, a remarkable increase of 10 
meV is seen in peak P3. Since the various dislocation and defects could serve as 
nonradiative recombination sites in the GaSb layer [26], the gain in PL signal and thermal 
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activation energy in the GaSb:Be sample further confirm the effective reduction of 
dislocation density as a result of the intentional Be doping. It is noteworthy to mention that 
improvement of PL efficiency have also been reported in GaSb layers grown on both GaSb 
and GaAs substrates with intentional Si and C doping [20, 24, 26]. Although Si behaves as 
an amphoteric dopant in III-V materials, in GaSb it tends to integrate as an acceptor in the 
Sb anionic sublattice via atomic substitution, similar to the Be dopants in GaSb. 
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Fig. 5. Arrhenius plot of the integrated intensity of the three main PL peaks for (a) undoped 
GaSb and (b) GaSb:Be layers. The symbols represent experimental data and the solid lines 
are the fitting curves by using Eq. (1). 
 
Finally, in order to unveil the origin of peak P1 and P3, excitation power-dependent 
PL measurements were taken on the two samples, as depicted in Fig. 6. During the 
measurement the excitation power was varied from 0.5 mW to 95 mW, while the 
temperature was kept at 9 K. At low excitation power, only three emission peaks of P1, P2 
and P3 can be observed, and the PL signal at P4 becomes merely distinguishable when the 
laser power rises to 5 mW. With further increase of excitation power, except the overall 
gain in intensity of all PL features, no obvious shift in peak position can be identified, 
including peak P1. This helps to exclude the possible attribution of P1 as a DAP 
recombination, since the hallmark of a DAP process is the remarkable blueshift of peak 
energy with increasing excitation intensity [21]. Considering the rapid thermal quenching 
and the small activation energy of < 3 meV obtained from peak P1, we thus assign this peak 
to the transition from the electrons localized at the conduction band-tail states to a shallow 
acceptor. It is well known that the background conductivity in unintentionally doped GaSb 
is always p-type, regardless of the growth techniques and doping condition. The defect 
state responsible for this behavior is a native acceptor (NA), which might be a point defect 
complex composed of Ga vacancy (VGa), Sb vacancy (VSb), or a Ga-on-Sb antisite (GaSb) 
with both singly and doubly ionizable nature [7, 8, 21-24, 26]. When temperature increases, 
electrons localized at the band-tail states are thermally excited to the higher tail states, 
which leads to the initial blue-shift of PL emission peak before the temperature-induced 
band-edge shrinkage starts to dominate. At elevated temperature, the shallow acceptors are 
thermally decomposed due to the very small activation energy (< 3 meV), causing the 
emission at peak P1 quenches rapidly as observed in Fig. 1. For peak P3, the higher emission 
energy than the band-to-band recombination (peak P2) and much weaker intensity advice 
that this PL process may take place between free electrons and the native acceptors at the 
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region close to the GaSb/GaAs interface. One important point to be noted is the large 
activation energy (Ea) obtained from this PL process. As shown in Fig. 5, for the undoped 
GaSb layer, Ea for peak P3 is ~ 46 meV, which is slightly larger than the reported range of 
20 - 40 meV for the NA acceptors if single ionizable state is assumed [18, 19, 24]. The 
activation energy increases to ~ 56 meV with the incorporation of Be. This value is in very 
good agreement with the Be thermal activation energy of 55 meV extracted from the 
temperature-dependent Hall measurement conducted on Be-doped GaSb layer grown on 
GaAs by MBE [29]. This result further confirms the effective integration of Be in the NA 
acceptor sites, possibly by occupying the various VGa and VSb vacancies. Therefore, the 
transition at peak P3 in the GaSb:Be sample could be due to the recombination of free 
electrons to the Be acceptor states which takes place at the GaSb/GaAs interface region. 
The large density of unrelaxed strain in the interface may be the cause for the much smaller 
PL energy red-shift of P3 between the two samples, as observed in Figure 2. We also 
observe similar PL thermal activation energy of ~59 meV in undoped GaSb layer grown 
on GaAs substrate with the insertion of AlSb and GaSb buffer layers [8]. The presence of 
AlSb/GaSb buffer layers have been demonstrated to restrict the threading dislocations in 
GaSb layer [9], thus we believe the intentional doping of Be could serve as a promising 
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Fig. 6. PL spectra measured as a function of excitation power from (a) undoped GaSb and 





In summary, the effect of p-type Be doping on the optical properties of GaSb 
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epilayer grown on lattice-mismatched GaAs substrates have been investigated by 
temperature- and excitation power-dependent PL measurements. Efficient PL emission was 
observable even at temperature of 270 K, indicating the high material quality despite the 
existence of large lattice mismatch. We show that in the Be-doped sample, the PL peak 
energies exhibit a red-shift up to ~7 meV, and the linewidths also decrease. The acceptors-
related PL transition demonstrated a gain in PL intensity, and a carrier thermal activation 
energy of ~ 56 meV was obtained. These results suggest an improved optical quality in the 
Be-doped GaSb layer, which is due probably to the reduction of threading dislocation 
propagated into the active layer from the strained GaSb/GaAs interface. Our results 
confirm the potential of Be as a promising p-type dopants for the development of high 
quality GaSb-based optoelectronic devices grown on low-cost, yet lattice-mismatched 





This work was supported by Shanghai Sailing Program (17YF1429300), 
ShanghaiTech University startup funding (F-0203-16-002), and UK EPSRC First Grant 
(EP/R006172/1). X. R. Chen and J. Shao thanks for the financial support by the STCSM 







[1] X. Li, Q. Du, J. B. Héroux and W. I. Wang 1997 n-Channel AlSbGaSb modulation-
doped field-effect transistors Solid State Electron. 41 1853-1856 
[2] T. Hosoda, T. Feng, L. Shterengas, G. Kipshidze and G. Belenky 2016 High power 
cascade diode lasers emitting near 2 μ m Appl. Phys. Lett. 108 131109 
[3] C. Downs and T. Vandervelde 2013 Progress in Infrared Photodetectors Since 2000 
Sensors 13 5054 
[4] B. Chen, W. Jiang, J. Yuan, A. L. Holmes and B. M. Onat 2011 SWIR/MWIR InP-
Based p-i-n Photodiodes With InGaAs/GaAsSb Type-II Quantum Wells IEEE J. Quantum 
Electron. 47 1244-1250 
[5] B. Chen, W. Y. Jiang and A. L. Holmes 2012 Design of strain compensated 
InGaAs/GaAsSb type-II quantum well structures for mid-infrared photodiodes Opt. 
Quantum Electron. 44 103-109 
[6] S. S. Miya, V. Wagener and J. R. Botha 2012 Optimization of growth parameters for 
MOVPE-grown GaSb and Ga1−xInxSb Physica B 407 1611-1614 
[7] Y. Li, Y. Zhang, Y. Zhang, B. Wang, Z. Zhu and Y. Zeng 2012 Molecular beam epitaxial 
growth and characterization of GaSb layers on GaAs (0 0 1) substrates Appl. Surf. Sci. 258 
6571-6575 
[8] J. H. Park, T. K. Lee, Y. K. Noh, M. D. Kim and E. Oh 2009 Temperature and excitation 
power dependence of photoluminescence from high quality GaSb grown on AlSb and GaSb 
buffer layers J. Appl. Phys. 105 043516 
12 
 
[9] R. Hao, S. Deng, L. Shen, P. Yang, J. Tu, H. Liao, Y. Xu and Z. Niu 2010 Molecular 
beam epitaxy of GaSb on GaAs substrates with AlSb/GaSb compound buffer layers Thin 
Solid Films 519 228-230 
[10] Y.-C. Xin, L. G. Vaughn, L. R. Dawson, A. Stintz, Y. Lin, L. F. Lester and D. L. 
Huffaker 2003 InAs quantum-dot GaAs-based lasers grown on AlGaAsSb metamorphic 
buffers J. Appl. Phys. 94 2133-2135 
[11] J. Seong June, I. Soo-Ghang, S. Jong-In, P. Jea Gyu and L. Dong-Han 2006 Effects of 
Beryllium Doping into InGaAlAs Metamorphic Buffer on High-Electron-Mobility 
Transistor Structure Jpn. J. Appl. Phys. 45 724 
[12] M. Gutiérrez, D. Araujo, P. Jurczak, J. Wu and H. Liu 2017 Solid solution 
strengthening in GaSb/GaAs: A mode to reduce the TD density through Be-doping Appl. 
Phys. Lett. 110 092103 
[13] X. Chen, Q. Zhuang, H. Alradhi, Z. M. Jin, L. Zhu, X. Chen and J. Shao 2017 
Midinfrared Photoluminescence up to 290 K Reveals Radiative Mechanisms and Substrate 
Doping-Type Effects of InAs Nanowires Nano Lett. 17 1545-1551 
[14] J. Shao, W. Lu, X. Lü, F. Yue, Z. Li, S. Guo and J. Chu 2006 Modulated 
photoluminescence spectroscopy with a step-scan Fourier transform infrared spectrometer 
Rev. Sci. Instrum. 77 063104 
[15] J. Shao, Z. Qi, H. Zhao, L. Zhu, Y. Song, X. Chen, F.-X. Zha, S. Guo and S. M. Wang 
2015 Photoluminescence probing of interface evolution with annealing in 
InGa(N)As/GaAs single quantum wells J. Appl. Phys. 118 165305 
[16] M. Kunrugsa, K. H. P. Tung, A. J. Danner, S. Panyakeow and S. Ratanathammaphan 
2015 Fabrication of GaSb quantum rings on GaAs(0 0 1) by droplet epitaxy J. Cryst. 
Growth 425 287-290 
[17] T. Kawazu, T. Noda, T. Mano, Y. Sakuma and H. Sakaki 2013 Growth of GaSb 
quantum dots on GaAs (311)A J. Cryst. Growth 378 475-479 
[18] S. S. Miya, V. Wagener and J. R. Botha 2014 The optical and electrical properties of 
AP-MOVPE GaSb grown using TEGa and TMSb Electron. Mater. Lett. 10 373-378 
[19] E. T. R. Chidley, S. K. Haywood, A. B. Henriques, N. J. Mason, R. J. Nicholas and P. 
J. Walker 1991 Photoluminescence of GaSb grown by metal-organic vapour phase epitaxy 
Semicond. Sci. Technol. 6 45 
[20] T. M. Rossi, D. A. Collins, D. H. Chow and T. C. McGill 1990 p‐type doping of 
gallium antimonide grown by molecular beam epitaxy using silicon Appl. Phys. Lett. 57 
2256-2258 
[21] G. R. Johnson, B. C. Cavenett, T. M. Kerr, P. B. Kirby and C. E. C. Wood 1988 Optical, 
Hall and cyclotron resonance measurements of GaSb grown by molecular beam epitaxy 
Semicond. Sci. Technol. 3 1157 
[22] A. Bosacchi, S. Franchi, P. Allegri, V. Avanzini, A. Baraldi, C. Ghezzi, R. Magnanini, 
A. Parisini and L. Tarricone 1995 Electrical and photoluminescence properties of undoped 
GaSb prepared by molecular beam epitaxy and atomic layer molecular beam epitaxy J. 
Cryst. Growth 150 844-848 
[23] H.-J. Jo, M. G. So, J. S. Kim and S. J. Lee 2016 Optical properties of GaSb measured 
using photoluminescence and photoreflectance spectroscopy J. Korean Phys. Soc. 69 826-
831 
[24] R. D. Wiersma, J. A. H. Stotz, O. J. Pitts, C. X. Wang, M. L. W. Thewalt and S. P. 
Watkins 2003 Electrical and optical properties of carbon-doped GaSb Phys. Rev. B: 
13 
 
Condens. Matter 67 165202 
[25] I. Vurgaftman, J. R. Meyer and L. R. Ram-Mohan 2001 Band parameters for III–V 
compound semiconductors and their alloys J. Appl. Phys. 89 5815-5875 
[26] C. Agert, P. S. Gladkov and A. W. Bett 2002 Origin of the photoluminescence line at 
0.8 eV in undoped and Si-doped GaSb grown by MOVPE Semicond. Sci. Technol. 17 39 
[27] S. Adachi 1989 Optical dispersion relations for GaP, GaAs, GaSb, InP, InAs, InSb, Al 
x Ga1− x As, and In1− x Ga x As y P1− y J. Appl. Phys. 66 6030-6040 
[28] Z. Deng, J. Q. Ning, Z. C. Su, S. J. Xu, Z. Xing, R. X. Wang, S. L. Lu, J. R. Dong, B. 
S. Zhang and H. Yang 2014 Structural Dependences of Localization and Recombination of 
Photogenerated Carriers in the top GaInP Subcells of GaInP/GaAs Double-Junction 
Tandem Solar Cells ACS Appl. Mater. Interfaces 7 690-695 
[29] D. Benyahia, Ł. Kubiszyn, K. Michalczewski, A. Kębłowski, P. Martyniuk, J. 
Piotrowski and A. Rogalski 2016 p-Type Doping of GaSb by Beryllium Grown on GaAs 
(001) Substrate by Molecular Beam Epitaxy J SEMICOND TECH SCI 16 695-701 
 
 
